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Pufferﬁsh (Takifugu spp.) possess a potent neurotoxin, tetrodotoxin (TTX). TTX has been detected in
various organisms including food animals of pufferﬁsh, and TTX-producing bacteria have been isolated
from these animals. TTX in marine pufferﬁsh accumulates in the pufferﬁsh via the food web starting with
marine bacteria. However, such accumulation is unlikely to account for the amount of TTX in the puf-
ferﬁsh body because of the minute amounts of TTX produced by marine bacteria. Therefore, the tox-
iﬁcation process in pufferﬁsh still remains unclear. In this article we report the presence of numerous
Takifugu pardalis eggs in the intestinal contents of another pufferﬁsh, Takifugu niphobles. The identity of
T. pardalis being determined by direct sequencing for mitochondrial DNA. LC-MS/MS analysis revealed
that the peak detected in the egg samples corresponded to TTX. Toxiﬁcation experiments in recirculating
aquaria demonstrated that cultured Takifugu rubripes quickly became toxic upon being fed toxic (TTX-
containing) T. rubripes eggs. These results suggest that T. niphobles ingested the toxic eggs of another
pufferﬁsh T. pardalis to toxify themselves more efﬁciently via a TTX loop consisting of TTX-bearing or-
ganisms at a higher trophic level in the food web.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Tetrodotoxin (TTX) is known to be the substance of pufferﬁsh
toxin and one type of potent neurotoxin speciﬁc to voltage-gated
sodium channels of excitable membranes of muscle and nerve
tissues (Colquhon et al., 1972; Narahashi, 2001; Noguchi et al.,
2006a). TTX was believed to occur only in pufferﬁsh (Tetraodonti-
dae) until 1960's, when it was detected in Californian newt Taricha
torosa (Mosher et al., 1964). Subsequently, TTX (along with some
analogs) was also detected from potential pufferﬁsh food organ-
isms belonging to various disparate groups, including starﬁsh (e.g.,
Astropecten spp.; Maruyama et al., 1984, 1985), gastropods (e.g.,
Babylonia japonica; Noguchi et al., 1981), crustaceans (e.g., the
xanthid crab, Atergatis ﬂoridus; Noguchi et al., 1983), ﬂatworms and
ribbonworms (e.g., Cephalothrix simula; Asakawa et al., 2013), apart
from several species of bacteria that are symbiotic with theshery Science, Miyazu, Kyoto
Ltd. This is an open access article upufferﬁsh and the potential food organisms (Noguchi et al., 1987;
Wu et al., 2005; Noguchi and Arakawa, 2008). In addition, TTX
has been detected in some free-living bacteria, including those in
deep sea sediments (Simidu et al., 1987; Do et al., 1990), although it
is not clear if these bacteria form part of the food chain leading to
pufferﬁsh. In any case, it appears plausible that the TTX in pufferﬁsh
is a result of accumulation through the food chain, which consists of
several steps, starting with bacteria, as suggested by several reports
(Noguchi et al., 2006a; Noguchi and Arakawa, 2008). These spec-
ulations have actually been supported by several studies: non-toxic
pufferﬁsh have been produced when grown from hatching with a
non-toxic diet, and furthermore, these cultured non-toxic puffer-
ﬁsh have become toxic when administered orally with TTX (Matsui
et al., 1981, 1982; Noguchi et al., 2006b; Saito et al., 1984; Yamamori
et al., 2004; Honda et al., 2005).
TTX has been detected not only in pufferﬁsh and their prey, but
also in organisms ecologically unrelated to pufferﬁsh, such as the
Costa Rican frogs of the genus Atelopus (Kim et al., 1975) and some
land planarians (Stokes et al., 2014), besides Californian newt
T. torosa (Mosher et al., 1964). It has also been suggested that TTX in
the rough-skin newt, Taricha granulosa, is obtained endogenouslynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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that TTX accumulates in pufferﬁsh by means other than through
the classical food chain; since in vivo cultured TTX-producing
bacteria are unable to produce enough quantities of TTX to ac-
count for the amount of TTX in wild pufferﬁsh (Miyazawa and
Noguchi, 2001; Food Safety Commission of Japan, 2005; Wu et al.,
2005; Wang et al., 2008; Yang et al., 2010). This also indicates
that TTX-bearing pufferﬁsh prey are abundant. In any case, the
origin of TTX and the acquisition process are both likely to vary
across different animal species, and it remains unclear exactly
where pufferﬁsh acquire the large quantities of TTX that they
possess.
Recently, our lab unexpectedly found numerous eggs among the
intestinal contents of the pufferﬁsh, Takifugu niphobles, and partial
mitochondrial DNA sequences from these eggs identiﬁed them to
be those of another pufferﬁsh species, namely, Takifugu pardalis. We
have demonstrated the toxiﬁcation process using cultured puffer-
ﬁsh Takifugu rubripes in this study by means of experimentally
reproducing the serendipitous ﬁnding of eggs in the pufferﬁsh gut,
thus indicating that pufferﬁsh toxiﬁcation manifests from the
accumulated TTX at relatively higher trophic levels in the food
chain.
2. Materials and methods
2.1. The intestinal contents of wild pufferﬁsh
Wild specimens of the pufferﬁsh, T. niphobles (body weight:
60.3 ± 25.7 g and 48.9 ± 21.2 g for females and males, respectively;
detailed in Table 1) were collected from coastal waters in Nagai,
Kanagawa, Japan (35120N, 139360E), on 13 March 2012 (water
temperature: 13.9 C; salinity: 31.4 practical salinity unit, psu), 08
March 2013 (16.0 C; 32.4 psu) and 14 March 2013 (14.2 C; 30.6
psu), 07March 2014 (12.5 C; 32.3 psu) and 13March 2014 (12.5 C;
31.8 psu), and 09 March 2015 (11.7 C; 34.3 psu), 16 March 2015
(12.3 C; 34.8 psu) and 19 March 2015 (14.6 C; 35.0 psu). The
gonadosomatic index (GSI) was 2.2 ± 0.9 for females and 2.0 ± 1.4
for males (detailed in Table 1). The unexpected eggs that were
found among the gut contents of the pufferﬁsh were also collected.
Five eggs from each ﬁsh were immediately subjected to DNATable 1
Characteristics of the Takifugu niphobles specimens used in this studya.
Sampling
date
Sex No. of
specimen
No. of egg-fed
specimen
Intestinal egg content
(g)
2012
13 Mar Female n ¼ 8 n ¼ 8 N/Dc
Male n ¼ 2 n ¼ 2 N/D
2013
08 Mar Female n ¼ 9 n ¼ 8 0.28 ± 0.25
Male n ¼ 13 n ¼ 7 0.05 ± 0.09
14 Mar Female n ¼ 6 n ¼ 6 0.72 ± 0.48
Male n ¼ 8 n ¼ 8 0.26 ± 0.36
2014
07 Mar Male n ¼ 2 n ¼ 2 0.44 ± 0.30
13 Mar Female n ¼ 10 n ¼ 7 0.38 ± 0.62
Male n ¼ 6 n ¼ 3 0.09 ± 0.12
2015
09 Mar Female n ¼ 13 n ¼ 0 N/Ad
Male n ¼ 10 n ¼ 3 0.05 ± 0.08
16 Mar Female n ¼ 11 n ¼ 8 0.38 ± 0.57
Male n ¼ 4 n ¼ 2 0.08 ± 0.08
19 Mar Female n ¼ 4 n ¼ 4 0.47 ± 0.37
Male n ¼ 4 n ¼ 0 N/A
a Data are represented by mean ± standard deviation.
b GSI represents gonadosomatic index: gonad weight/body weight  100.
c N/D, not determined.
d N/A, not applicated.extraction and the remaining eggs were stored at 30 C until TTX
extraction.
2.2. DNA extraction and PCR ampliﬁcation
Total genomic DNA was extracted from each egg by the method
of Sezaki et al. (1999). The fragments of partial mitochondrial DNA
were ampliﬁed by PCR using two primer sets,16S AR-L (forward: 50-
CGCCT GTTTA TCAAA AACAT-30) and 16S BR-H (reverse: 50-CCGGT
CTGAA CTCAG ATCAC GT-30) for the 16S rRNA gene (Palumbi et al.,
1991), and TCytb-F1 (forward: 50-ACCTR TGGCG TGAAA AACCA
YCGTT GT-30) and TCytb-R1 (reverse: 50-CATYC GGTTT ACAAG
ACCGR CGCTC TG-30) for the cytochrome b gene. Primers for cyto-
chrome b gene were designed based on the mitochondrial DNA
sequences from multiple species of the family Tetraodontidae. PCR
ampliﬁcationwas performed in a 20 ml reaction mixture containing
genomic DNA as a template, 1 unit ExTaq DNA polymerase (Takara
Bio, Shiga, Japan), 1.6 ml of 2.5 mM deoxynucleotide triphosphates
(dNTP), 5 ml of 5 mMprimers and 2 ml of 10 ExTaqDNA polymerase
buffer (Takara Bio). The thermal cycling program for the PCR con-
sisted of an initial denaturation at 95 C for 1 min followed by 35
cycles of denaturation at 95 C for 10 s, annealing at 55 C for 30 s
and extension at 72 C for 45 s.
2.3. Direct sequencing and phylogenetic analyses
Prior to the direct sequencing of the ampliﬁed product, the DNA
fragment was puriﬁed by chloroform extraction, followed by
polyethylene glycol (PEG) 8000 precipitation and ethanol precipi-
tation. Sequencing was performed for both strands using a 3130xl
genetic analyzer (Applied Biosystems, Foster, CA, USA) and a BigDye
Terminator v3.1 Cycle Sequencing Ready Reaction Kit (Applied
Biosystems). The concatenated nucleotide sequences of the 16S
rRNA gene and cytochrome b gene of eggs were aligned using
CLUSTAL W (Thompson et al., 1994) with those in the DDBJ/EMBL/
GenBank databases obtained using a BLAST search (Altschul et al.,
1997). The alignment was then subjected to phylogenetic infer-
ence bymeans of themaximum likelihoodmethod usingMEGAver.
6.0.6 (Tamura et al., 2013), with the corresponding concatenated
sequences from the yellow-stripe toadﬁsh, Torquigener brevipennisToxicity of the intestinal eggs
(MU)
Standard length
(mm)
Body weight
(g)
GSIb
N/D 119.4 ± 3.8 64.1 ± 9.4 2.6 ± 0.5
N/D 111.0 ± 2.0 54.5 ± 1.5 1.5 ± 0.2
2.63 ± 4.42 112.7 ± 18.3 60.3 ± 22.8 2.1 ± 0.8
0.25 ± 0.74 108.4 ± 17.7 55.2 ± 22.0 1.9 ± 1.1
10.38 ± 12.94 122.2 ± 16.7 56.2 ± 24.5 2.0 ± 0.4
4.10 ± 6.48 110.8 ± 11.1 55.4 ± 12.2 2.7 ± 0.8
0.29 ± 0.17 128.0 ± 1.0 73.3 ± 3.6 2.6 ± 0.3
0.49 ± 0.66 121.7 ± 17.2 63.9 ± 23.8 2.4 ± 1.3
0.06 ± 0.13 111.3 ± 12.5 50.0 ± 17.4 3.0 ± 2.1
N/A 118.7 ± 12.8 33.0 ± 9.7 1.9 ± 0.5
2.72 ± 7.04 115.6 ± 17.4 30.8 ± 15.4 1.3 ± 1.3
15.84 ± 30.37 164.6 ± 17.6 87.3 ± 20.9 2.5 ± 0.7
1.63 ± 2.32 140.0 ± 26.0 59.0 ± 28.0 2.1 ± 1.1
3.30 ± 2.46 130.0 ± 18.1 43.5 ± 16.0 2.5 ± 1.6
N/A 133.0 ± 22.5 45.5 ± 18.1 2.0 ± 1.2
100
100
67
67
79
100
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Takifugu porphyreus (AP009529)
Takifugu pardalis (AP009528)
Takifugu xanthopterus (AP009533)
Takifugu chinensis (AP009534)
Takifugu niphobles (AP009526)
Takifugu chrysops (AP009525)
Takifugu rubripes (AP006045)
Takifugu ocellatus (AP009536)
Torquigener brevipennis (AP009537)
Takifugu oblongus (AP009535)
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Takifugu stictonotus (AP009530)
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Fig. 1. Phylogenetic tree inferred using the maximum likelihood method based on the
nucleotide sequence of the concatenation of the complete cytochrome b gene
(1137 bp) and the partial 16S rRNA gene (572 bp), obtained from the eggs removed
from the intestinal tract of Takifugu niphobles and those of other Takifugu pufferﬁsh
species. Numbers at branches denote the bootstrap percentages out of 1000 replicates.
The concatenated cytochrome b and 16S rRNA genes in Torquigener brevipennis
(AP009537) was used as the outgroup. Only bootstrap values exceeding 50% are pre-
sented. The scale at the bottom of the tree indicates the number of substitutions per
nucleotide site. “Eggs” represent the corresponding concatenation of the two gene
sequences of the eggs taken from the intestinal tract of T. niphobles. The accession
numbers for reference sequences are shown in parentheses.
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nucleotide sequences of the partial 16S rRNA gene and cytochrome
b gene obtained from the eggs were submitted to the DDBJ/EMBL/
GenBank databases with accession numbers LC060064 and
LC060065, respectively.
2.4. Toxiﬁcation experiment
Toxic eggs for the toxiﬁcation experiments were obtained from
the pufferﬁsh T. rubripes, which had been collected at Ise Bay, Aichi,
Japan, and maintained in the aquarium at the Aichi Sea Farming
Institute with ﬂowing water (5.2 t/h). The non-toxic juveniles of
T. rubripes (body weight: approximately 3.5 g) were purchased from
Marinetech (Aichi, Japan), and were maintained in recirculating
aquariums at 20 C, and fed with commercial food pellets (non-
toxic). In the toxiﬁcation experiment, juvenile T. rubripes (n ¼ 52,
body weight: 3.1e49.6 g, 19.0 ± 12.7 g) were fed with the toxic eggs.
After more than two days of feeding with toxic eggs, liver, skin,
muscle and other organ samples of egg-fed T. rubripes and com-
mercial pellet-fed control specimens were subjected to the TTX
extractionprocess followedby LC-MS/MS analysis. In advance before
the toxiﬁcation experiment, preliminary experiment was carried
out: after two, four and nine days of feeding with toxic eggs, egg-fed
T. rubripes specimens (n ¼ 27, body weight: 14.8 ± 3.6 g) were also
subjected to the TTX extraction followed by LC-MS/MS analysis.
2.5. LC-MS/MS analysis
Following Tsuruda et al. (2002) with some modiﬁcations, the
extract with 0.1% acetic acid was ﬁltered through a 0.45-mm ﬁlter
membrane (Dismic-13CP, Advantec, Japan), and TTX in the extract
was analyzed using High Performance Liquid Chromatography
(HPLC) equipment ACQUITY system (Alliance 2695), coupled to a
Quattro Premier XE mass spectrometer from Waters (Milford, MA,
USA), based on the method of Shinno et al. (2007) with some
modiﬁcations. Chromatographic separation and detection of TTX
was achieved with a Waters Atlantis HILIC silica column
(2.1  150 mm, 5 mm), equipped with a Waters Atlantis HILIC silica
guard column (2.1  10 mm, 5 mm) and column oven at 40 C. The
HPLC was operated with 0.1% formic acid (Merck, Darmstadt, Ger-
many) and acetonitrile (Merck) as eluents. The gradient protocol
used to elute the toxins was 95% acetonitrile, mobile phase in the
beginning, decreasing to 40% acetonitrile after 0.1 min, then kept
for 7.9 min and back to 95% acetonitrile and ﬁnally kept 95%
acetonitrile for 2.0 min before the next injection. Flow rate was
0.3 ml/min and injection volume was 5 ml.
The Quattro Premier XE mass spectrometer was operated with
the following optimized source-dependent parameters (ESI
source): capillary potential 0.5 kV, cone voltage 42 V, desolvation
temperature 400 C, desolvation gas ﬂow 600 l/h N2, cone gas ﬂow
50 l/h N2, source temperature 120 C, collision energy 38 V.
The mass spectrometer was operated in the multiple reaction
monitoring (MRM) mode, with detection in the positive mode,
analyzing two product ions atm/z 162 for quantiﬁcation of TTX and
m/z 302 for conﬁrmation of the compound from the precursor ion
at m/z 320. The ionized molecules were monitored through a
MassLynx NT operation system. TTX was quantiﬁed using their
peak areas to calculate amounts and using the calibration curve
obtained from 1 to 100 ng/ml TTX standard (Wako Pure Chemicals,
Osaka, Japan). One mouse unit (MU) is equivalent to 0.22 mg of TTX,
based on the speciﬁc toxicity of TTX.
2.6. Statistical analysis
The statistical signiﬁcance of differences in the amount of toxinwas analyzed by means of a Student's t-test and a one-way ANOVA
followed by the Tukey Honestly Signiﬁcant Difference (HSD) test. In
order to evaluate statistical support values for the linear regression,
results of toxicity from toxiﬁcation experiments were log-
transformed and subjected to ANOVA.3. Results
3.1. Eggs from the intestinal contents of the pufferﬁsh T. niphobles
A number of eggs, with a diameter of approximately 1mm, were
detected in the gut contents of the pufferﬁsh T. niphobles (Fig. S1)
captured in March 2012e2015 (Table 1). The eggs were seen in the
08 March 2013 sample in 8 and 7 specimens of 9 females and 13
males, respectively. The eggs were detected in all the specimens in
the 14 March 2013 sample. The eggs were seen in 7 and 5 speci-
mens of 10 females and 8males, respectively, in 2014, and in 12 and
5 specimens of 28 females and 18 males, respectively, in 2015
(Table 1). In a few ﬁsh, the eggs were yet to be digested in the
anterior parts of the intestine that interestingly, hatched after in-
cubation at 20 C in artiﬁcial seawater for 9 days (March 2013).
Direct sequencing and phylogenetic analysis of egg samples
from the intestinal contents of T. niphobles demonstrated that the
sequence of 16S rRNA gene and cytochrome b gene were highly
similar to and clustered with the corresponding sequences of
T. pardalis (Fig. 1).3.2. Toxicity of the eggs in the intestinal contents of T. niphobles and
tissue-distribution of TTX in T. niphobles fed T. pardalis-eggs
Eggs were collected from the intestines of T. niphobles, subjected
to TTX extraction, and analyzed using LC-MS/MS. Mass chromato-
gram of the LC-MS/MSwas obtained under theMRMmode, and the
MRM patterns of the egg samples were found to be identical to
those of the TTX standards (Fig. 2). The calibration curve generated
with 1e100 ng/ml of TTX standard shows good linearity and
S. Itoi et al. / Toxicon 108 (2015) 141e146144precision (r2 ¼ 0.99991). To estimate the effect of the matrix, LC-
MS/MS analysis was carried out using the samples, where the
TTX standard was added into various tissue extracts from the non-
toxic T. rubripes following the procedurementioned above. TTXwas
recovered from the samples with >100-fold dilution except for
gallbladder (>1000-fold dilutions) (Fig. S2). Therefore, quantiﬁca-
tion of TTX was carried out using the data for samples with >100-
fold dilution. The concentrations of TTX in the eggs from intestinal
contents of the samples in 2012 were calculated to be
6.58 ± 0.88 mg/g, which correspond to 29.9 ± 4.0 MU/g; however,
the contents of the eggs were not quantiﬁed because all eggs were
not collected (Table 1). The concentration of TTX in the eggs
collected from the gut of the 2013 specimens of T. niphobles was
estimated to be 2.22 ± 4.51 mg/g (0.97 ± 1.83 mg/intestinal contents
per ﬁsh), which corresponds to 10.1 ± 20.5 MU/g (4.4 ± 8.3 MU/
intestinal contents per ﬁsh). Similar patterns of the concentration
of TTX in the eggs from intestinal contents of the T. niphobles were
observed in the samples from each year (2013e2015; Table S1).
Additionally, the TTX amount in the intestinal materials from egg-
fed T. niphobles specimens (4139 ± 6023 ng) were signiﬁcantly
higher than those from non-egg-fed counterparts (216 ± 374 ng) in
2015 (Table S2).0
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Fig. 2. Typical mass chromatograms of the LC-MS/MS obtained under MRMmode (m/z
320 > 302). MRM patterns of 25 ng/ml TTX standard (A), the extract from eggs found in
the intestinal tract of T. niphobles (B), the extract from the toxic eggs of T. rubripes used
for the intoxication experiment (C), the extract from the skin of T. rubripes after the
intoxication experiment (D), and the extract from the liver of non-toxic T. rubripes
cultured with only commercial feed (E).The whole-body toxicity of the T. niphobles specimens fed with
T. pardalis eggs was 2803 ± 10,361 MU (617 ± 2279 mg) for females
and 1901 ± 1856MU (418 ± 408 mg) for males (Table S1). The tissue-
speciﬁc toxicity in females was signiﬁcantly higher in the skin and
ovaries than in the liver (P < 0.01), whereas in the males it was
signiﬁcantly higher in the skin than in other tissues (P < 0.01;
Fig. S3). Similar patterns of toxin distribution were observed in the
samples from each year (2013e2015; Fig. S3).
3.3. Intoxication of the pufferﬁsh T. rubripes fed toxic eggs
In preliminary toxiﬁcation experiment, no signiﬁcant difference
in the toxicity of whole body was observed among the T. rubripes
specimens fed with TTX-containing eggs after being fed toxic eggs
for two days (98 ± 109 ng/g), four days (139 ± 296 ng/g) and nine
days (154 ± 270 ng/g), suggesting that the pufferﬁsh keeps the
toxin level for a while (at least nine days; Fig. S4). Therefore, tox-
iﬁcation experiments were performed after being fed toxic eggs for
more than two days.
Non-toxic T. rubripes (n ¼ 31, body weight: 3.1e49.6 g,
21.9 ± 12.8 g) became toxic after being fed toxic eggs for more than
two days, although some specimens (n ¼ 21, body weight:
3.1e42.0 g, 14.7 ± 11.1 g) continued to remain non-toxic. The MRM
patterns of the toxiﬁed tissues from the intestine, liver and skin
were identical to those from the TTX extracted from the toxic eggs
and the TTX standards (Fig. 2). The amount of toxin detected from
several organs of toxiﬁed specimens was as follows: skin,
47.5 ± 38.1 mg/g; liver, 31.8 ± 31.6 mg/g; and intestine,19.9 ± 29.0 mg/
g (Fig. S5). The amount of TTX in toxiﬁed ﬁsh was dependent on its
body weight in an exponential relationship (y ¼ 0.9566e0.1307x,
R2 ¼ 0.6402; Fig. 3) with high statistical support values for the
linear regression (P¼ 5.46 107, F statistics¼ 44.49). On the other
hand, none of the control ﬁsh fed with commercial feed were
toxiﬁed (control; n ¼ 38, body weight: 3.1e57.9 g, 15.6 ± 15.6 g).
Furthermore, the ﬁsh that did not ingest the toxic eggs even when
given were not toxiﬁed either.
4. Discussion
Non-toxic T. rubripes were rapidly toxiﬁed after feeding on eggs
containing TTX. Similar proﬁles of TTX transfer were observed in
the cultured T. rubripes when TTX was administrated intramuscu-
larly (Ikeda et al., 2009). All species of the genus Takifugu accu-
mulate TTX in the ovaries, with the ovaries of T. pardalis showing
the maximum toxicity of more than 1000 MU/g tissue, which cor-
responds to approximately 220 mg TTX/g tissue (classiﬁed as
“strongly toxic”, Noguchi et al., 2006a). These suggest thatTo
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Fig. 3. The relationship between the total amount of TTX in a specimen and the body
weight of T. rubripes after the experiment with toxic eggs. The amount of TTX was
calculated from the skin, liver, intestine and other tissues. nd: not detected.
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Fig. 4. TTX accumulation process in pufferﬁsh on the TTX loop. Upward arrows represent general TTX accumulation process in pufferﬁsh via food chain consisting of several steps
starting with marine bacteria (Noguchi et al., 2006a). A circular arrow represents novel TTX accumulation process in Takifugu niphobles (colored ﬁsh) at the spawning season of
Takifugu pardalis (grey color ﬁsh) observed in this study.
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toxic eggs of other pufferﬁsh (T. pardalis in this study): our present
study also demonstrated that the TTX amount in the intestinal
materials from toxic egg-fed T. niphobles was signiﬁcantly higher
than that from non-egg-fed specimens. We noted this ingestion of
eggs in four consecutive years (2012e2015), leading us to believe
that this is part of the normal diet of these ﬁsh; indeed, it is possible
that other Takifugu pufferﬁsh species also adopt a similar strategy
for toxiﬁcation. The ﬁndings in this study perhaps remove one of
several objections to postulated pathways of TTX accumulation in
pufferﬁsh via the marine food web (Miyazawa and Noguchi, 2001;
Food Safety Commission of Japan, 2005; Wu et al., 2005; Wang
et al., 2008; Yang et al., 2010). In TTX-bearing newts in the genus
Taricha, adults prey on both conspeciﬁc eggs and larvae (Kats et al.,
1992; Elliott et al., 1993), suggesting that these cannibalistic egg/
larva consumptions may also play a role in their toxiﬁcation.
Interestingly, the eggs removed from the intestines of
T. niphobles hatched after incubation for 9 days at 20 C. This sug-
gests that the pufferﬁsh T. niphobles ingested the T. pardalis eggs
within one week of spawning, implying that they ingest highly
concentrated TTX via the eggs, because the toxicity of the eggs is
known to be highest immediately after spawning (Itoi et al., 2014).
Nevertheless, the TTX content in the intestinal eggs from
T. niphobles were relatively low, suggesting that the TTX was
immediately absorbed in intestine and transfer to other tissues
such as liver, skin and ovary: the speculation was supported by the
results of toxiﬁcation experiment using T. rubripes in the present
study. The spawning period of T. niphobles begins in May, sug-
gesting that the pufferﬁsh obtain TTX and nutrients required for
their forthcoming spawning, when they feed on T. pardalis eggs (in
the spring).
Toxic organisms such as pufferﬁsh use TTX in two ways: as a
defense mechanism against predators by releasing it from the toxin
gland in the skin (Kodama et al., 1985), and protecting the larvae by
accumulating it in the ovaries (Haniﬁn et al., 2003; Itoi et al., 2014),
and in predation on non-toxic organisms, such as the blue-ringed
octopus Hapalochlaena maculosa (Sheumack et al., 1978) and in
polyclad ﬂatworms (Ritson-Williams et al., 2006). On the other
hand, presentation of TTX against TTX-bearing predators appears to
induce the opposite effect, where TTX has been reported as an
attractant in trumpet snails (Hwang et al., 2004) and T. rubripes
(Saito et al., 1997; Okita et al., 2013). Thus, concentrated TTX can
serve a dual function: one as a chemical defense against non-toxicpredators, and the other as an attractant for TTX-bearing organ-
isms. The latter relationship would result in the accumulation of
TTX at higher trophic levels in the food chain (Fig. 4). Additionally,
we speculate that the biomass of TTX-bearing organisms might be
controlled (limited) by the amount of TTX in the marine environ-
ment, because the toxin content of TTX-bearing organisms could
still be limited by available resources (Williams, 2010).
In this study, the amount of TTX in the toxiﬁed T. rubripes was
found to be a function of the size (surface area) of young ﬁsh,
suggesting that the largest young ﬁsh were also the ones with the
greatest amount of TTX. On the other hand, some specimens of
T. niphobles, the smallest species in the genus, contained a large
amount of TTX (>100,000 MU in one individual; Tani, 1945). It has
also been suggested that the maximum toxin content of the puf-
ferﬁsh might be affected by the various physiological factors
including sexual development (Ikeda et al., 2010; Itoi et al., 2012). In
the toxiﬁcation experiments, no TTX was detected from several
specimens, suggesting that these specimens did not feed upon the
toxic eggs in the aquaria. Differences in the feeding behavior among
pufferﬁsh should affect the distribution of toxicity inwild pufferﬁsh
specimens; in fact, the toxicity of pufferﬁsh does show remarkable
individual and regional variation (Miyazawa and Noguchi, 2001).
In conclusion, predation on toxic eggs of related species should
enable Takifugu pufferﬁsh to accumulate TTX more efﬁciently than
if dependent only on the classical food chain. Our results also
suggest that concentrated TTX is pooled in the “TTX loop” among
the TTX-bearing organisms, which are the predators at higher
trophic levels in the food web.Acknowledgments
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